Interactions of T cell antigen receptors (TCRs) with complexes of self peptide and major histocompatibility complex (MHC) are crucial to T cell development, but their role in peripheral T cell responses remains unclear. Specific and nonspecific stimulation of LLO56 and LLO118 T cells, which transgenically express a TCR specific for the same Listeria monocytogenes epitope, elicited distinct interleukin 2 (IL-2) and phosphorylated kinase Erk responses, the strength of which was set in the thymus and maintained in the periphery in proportion to the avidity of the binding of the TCR to the self peptide-MHC complex. Deprivation of self peptide-MHC substantially compromised the population expansion of LLO56 T cells in response to L. monocytogenes in vivo. Despite their very different self-reactivity, LLO56 T cells and LLO118 T cells bound cognate peptide-MHC with an identical affinity, which challenges associations made between these parameters. Our findings highlight a crucial role for selecting ligands encountered during thymic 'education' in determining the intrinsic functionality of CD4 + T cells.
A r t i c l e s
The initiation of CD4 + T cell responses requires productive inter actions between the T cell antigen receptor (TCR) and complexes of peptide and major histocompatibility complex (MHC) class II 1, 2 . Such interactions are highly sensitive and specific despite having binding affinities in the micromolar range 3 . Even weaker interact ions between the TCR and complexes of self peptide and MHC (self peptide-MHC) serve critical roles in the development, survival and peripheral function of T cells [4] [5] [6] [7] [8] . It is evident that the TCR can dis criminate between peptideMHC ligands, even subtly different ones 9 , to signal distinct functional outcomes. It remains an important pur suit to understand the molecular features of interactions between the TCR and peptideMHC complexes that promote effective CD4 + T cell responses to pathogens.
The affinity of the TCR for cognate peptide-MHC and clonal fre quency in the preimmune repertoire are important factors that govern the magnitude of the in vivo responses of CD4 + or CD8 + T cells to pathogens [10] [11] [12] [13] [14] . CD4 + or CD8 + T cells of higher affinity with greater functional avidity for antigen are more prevalent after infection than before, which demonstrates evolution of the antipathogen repertoire. Lowaffinity interactions can also lead to the generation of effector and memory CD8 + T cell populations, albeit more slowly and to a lesser extent than that of their counterparts of higher affinity 15 .
How the recognition of self peptide-MHC by the TCR affects CD4 + T cell responses has received less attention because of the weak nature of these interactions, the paucity of known endogenous selecting ligands and the difficulty of specifically perturbing self peptide-MHC complexes without also affecting the presentation of cognate antigen.
Functionally, the degree of TCR selfreactivity has been correlated with expression of the negative regulator CD5 at the cell surface 16 . The expression of CD5 is set during positive selection in proportion to the strength of signal from self peptide-MHC perceived by the TCR, often referred to as the 'avidity' of the TCR for self peptide-MHC. It has been reported that T cells with greater avidity for self peptide-MHC are more readily positively selected and that this enriches the mature repertoire with clones that bind more strongly to foreign peptide-MHC and respond better to pathogens in vivo 17 .
To investigate at a clonal level how TCRpeptideMHC interactions affect CD4 + T cell responses, we used two mouse T cell lines, LLO56 and LLO118. Each line has CD4 + T cells with transgenic expression of a TCR that recognizes an epitope of amino acids 190-205 of the Listeria monocytogenes virulence factor listeriolysin O (LLO) bound to the MHC molecule IA b . The TCRs were cloned from T cell hybrids generated from C57BL/6 (B6) mice infected with L. monocytogenes and thus represent two solutions for recognizing the same pathogen derived cognate peptide-MHC complex. These cells have a very similar cell surface phenotype, but one notable exception is that LLO56 T cells have much higher expression of CD5 than do LLO118 T cells.
During primary in vivo responses to L. monocytogenes, LLO118 T cell populations expand more than their LLO56 counterparts do, a response associated with a greater propensity of LLO56 T cells to undergo cell death 18 . Since strong TCR signals can induce cell death during immune responses 19 , we set out to determine if on activa tion, LLO56 T cells perceive such strong TCR signals as to induce the substantial cell death observed before. We found that not only did specific stimuli elicit stronger interleukin 2 (IL2) responses from LLO56 T cells than from LLO118 T cells, but nonspecific stimuli that bypassed the TCR also produced the same result, which suggested intrinsic differences in the responsiveness of the two T cell lines to stimulation. The stronger IL2 responses were associated with more phosphorylation of TCRζ at baseline and of the kinase Erk upon acti vation. We also found that the basal signaling and responsiveness of LLO56 and LLO118 T cells were not 'hardwired' features of these cells; instead, they were acquired during positive selection in proportion to the avidity of the TCR for selecting self peptide-MHC and required active maintenance by self peptide-MHC in the periphery. Together our data suggest a crucial role for thymic 'education' and TCR self reactivity in determining the intrinsic functional attributes of CD4 + T cells. Given our observations, we propose a 'TCRinstructive' model whereby selecting TCR-self peptide-MHC interactions establish the function and basal signaling of CD4 + T cells centrally and maintain that functionality in the periphery, ultimately shaping how a given T cell will act during pathogen challenge.
RESULTS

Nonspecific stimuli elicit distinct T cell IL-2 responses
LLO56 and LLO118 T cells showed similar upregulation of expression of the activation markers CD69 and CD25 in response to stimula tion with the LLO epitope of amino acids [190] [191] [192] [193] [194] [195] [196] [197] [198] [199] [200] [201] [202] [203] [204] [205] or with antibody to the invariant signaling protein CD3 (antiCD3) plus antibody to the costimulatory molecule CD28 (antiCD28) ( Fig. 1a) . That was in accord with our observation that LLO56 and LLO118 T cells proliferated similarly well to antigen in vitro and in vivo ( Table 1 and Supplementary Fig. 1a ). However, over the same peptide dose range, LLO56 T cells produced much more IL2 than did LLO118 T cells ( Fig. 1b) . That result could not be explained by differences in expression of the TCR, CD3, the monomorphic coreceptor CD4 or the costimulatory molecules CD28, CTLA4, PD1 or PDL1 (Supplementary Fig. 1b ). One possible explanation for it was a difference in affinity of the TCR for the ligand LLO(190-205)-IA b . We generated soluble LLO56 and LLO118 TCRs and used surface plas mon resonance (SPR) to assess affinity. The affinity of the LLO56 TCR and LLO118 TCR for LLO(190-205)-IA b was identical ( Fig. 1c) , which suggested that the distinct IL2 responses were not related to differences in binding to LLO-IA b . Thus, despite binding cog nate antigen with similar affinity and receiving a similarly activating stimulus, LLO56 T cells showed a greater ability to produce IL2 than did LLO118 T cells.
Stimulation with antiCD3 plus antiCD28 also elicited stronger IL2 response from LLO56 T cells ( Fig. 1b,d) . That was also true for cells stimulated with the phorbol ester PMA and ionomycin, which act intracellularly downstream of the TCR (Fig. 1e ). LLO56 T cells and LLO118 T cells did not differ much in their ability to produce interferonγ or tumornecrosis factor in response to PMA and iono mycin ( Fig. 1e) , which indicated that the stronger IL2 response of LLO56 T cells could not be generalized to all cytokine responses. These findings opposed the presumption that two T cells with dif ferent TCRs would respond equally to stimuli that bypass the TCR and suggested that LLO56 T cells and LLO118 T cells bore intrinsic differences that governed the strength of their IL2 responses, a find ing we pursued further, given its potential relevance to the in vivo biology of these cells.
Greater Erk and basal TCR phosphorylation in LLO56 T cells
To mechanistically understand how nonspecific stimuli could elicit distinct IL2 responses from LLO56 T cells and LLO118 T cells, we investigated the signaling pathways activated by PMA and ionomycin, including the Ca 2+ NFAT, NFκB and RasErk pathways. Through the use of flow cytometry with phosphorylationspecific antibodies, we found that nonspecific stimulation induced a greater abundance of phosphorylated Erk in LLO56 T cells than in LLO118 T cells ( Fig. 2a) , with similar results obtained by immunoblot analysis ( Supplementary  Fig. 2a ). PMAinduced degradation of the inhibitor IκBα ( Fig. 2b) and ionomycininduced Ca 2+ flux (Fig. 2c) were similar in LLO56 T cells and LLO118 T cells, with LLO118 T cells showing somewhat stronger responses in each assay. Thus, greater activation of Erk most closely 'tracked' with the stronger IL2 response to stimulation with PMA and ionomycin in LLO56 T cells.
As stimulation with peptide and antibody also elicited stronger IL2 responses from LLO56 T cells than from LLO118 T cells, we considered that there might also be differences in proximal signal ing. Several studies have linked TCR selfreactivity to the extent of basal TCRζ phosphorylation 17, 20, 21 . Indeed, we found that LLO56 T cells had a greater basal abundance of p21 (the 21kilodalton, partially tyrosinephosphorylated intermediate of the TCRζ) than did LLO118 T cells ( Fig. 2d) . We confirmed the identity of the phos phorylated TCRζ in these experiments with a rabbit antiserum that recognizes both phosphorylated and unphosphorylated TCRζ species (Supplementary Fig. 2b ). Together these studies demonstrated both basal and inducible differences in cell signaling that were associated with the greater intrinsic IL2 response of LLO56 T cells.
Strength of the polyclonal T cell response correlates with CD5
Given the differences in the expression of CD5 and basal phosphor ylation of TCRζ by LLO56 T cells and LLO118 T cells, we predicted that LLO56 T cells would perceive a stronger TCR signal from self peptide-MHC than would LLO118 T cells. We hypothesized that such a signal might underlie the stronger response of LLO56 T cells to stimulation with PMA and ionomycin. However, to confirm that our observations were not limited only to cells with transgenic expression of a TCR, we sought to determine whether TCR selfreactivity, as gauged by CD5 expression, correlated with the strength of the response to nonspecific stimulation in polyclonal B6 CD4 + or CD8 + T cells, with the prediction that CD5 hi T cells (like LLO56 T cells) would be more responsive to stimulation with PMA and ionomycin than CD5 lo cells (like LLO118 T cells) would be. We observed that CD5 hi CD4 + T cells and CD5 hi CD8 + T cells more readily produced IL2 in response to PMA and ionomycin ( Fig. 3a) or in response to antiCD3 plus antiCD28 ( Supplementary Fig. 3a ) than did their CD5 lo counterparts. Stimulation did not substantially alter the distribution of CD5 expression on T cells ( Supplementary  Fig. 3b ), a result we confirmed with cells sorted according to their CD5 expression before stimulation ( Supplementary Fig. 3c ). Furthermore, CD5 hi CD4 + T cells and CD5 hi CD8 + T cells had a greater abundance of phosphorylated Erk after activation and a greater basal abundance of p21 (partially phosphorylated TCRζ) than did their CD5 lo counterparts (Fig. 3b,c) . Because those experiments used bulk CD4 + or CD8 + T cells, which would include memoryphenotype and nonconventional αβ T cells (i.e., regulatory T cells and natural killer T cells), we repeated the analyses with naive conventional αβ T cells (CD44 lo CD25 − NK1.1 − ) sorted by immunomagnetic selection or flow cytometry and obtained identical results ( Fig. 3d-f ). Together these data demonstrated a link among CD5 expression, the intrinsic strength of responses consisting of IL2 and phosphorylated Erk, and basal signaling in polyclonal T cells, which confirmed the results obtained with LLO56 and LLO118 T cells.
A r t i c l e s Confirmation that CD5 expression reflects self-reactivity We sought to confirm the association made between CD5 expres sion and the selfreactivity of the LLO56 and LLO118 TCRs by an independent assay. Ectopic expression of the human voltagegated sodium channel (VGSC) subunits SCN4B and SCN5A gives AND T cells (which have transgenic expression of a TCR specific for moth cytochrome c) the ability to respond to the self peptide gp250 in complex with the MHC molecule IE k (their endogenous selecting ligand) 22 . We reasoned that such a gainoffunction approach could be extended to gauge the selfreactivity of T cells with unknown selecting ligands. For this, we transfected LLO56 T cells, LLO118 T cells and B6 CD4 + T cells to express SCN4B linked to the fluores cent marker mCherry and SCN5A linked to green fluorescent protein constructs (i.e., the VGSC), then cultured the cells with or without irradiated B6 antigenpresenting cells (APCs) and then analyzed their activation by upregulation of CD69 expression. We identified VGSC + cells as those that coexpressed the fluorescent markers from each construct. We unequivocally identified LLO56, LLO118 and B6 CD4 + T cells from cultures on the basis of expression of the TCRα variable region V α 2 (used by the LLO56 and LLO118 TCRs), along with expression of the unique congenic markers Thy1.1 (CD90.1) and Ly5.1 (CD45.1) (expressed by LLO56 T cells and LLO118 T cells, respectively) ( Supplementary Fig. 4a ).
After culture with B6 APCs, VGSC + LLO56 T cells showed greater upregulation of CD69 expression than did VGSC + LLO118 T cells, as would be predicted given their respective CD5 expression ( Supplementary Fig. 4b ). VGSC + B6 CD4 + T cells, whose mean CD5 expression was between that of LLO56 T cells and that of LLO118 T cells ( Supplementary Fig. 1b) , showed intermediate upregulation of CD69 expression ( Supplementary Fig. 4b ). VGSC + B6 T cells, LLO56 T cells and LLO118 T cells showed equivalent upregulation of CD69 expression when cultured with B6 APCs pretreated with antiIA b (Supplementary Fig. 4b ). The blockade with antiIA b did not reduce the response to APCs to the baseline response of control cells not exposed to APCs (Supplementary Fig. 4b) , which suggested either incomplete blockade of MHC class II or unanticipated reactiv ity to other self molecules that was similar for all groups. We did not observe upregulation of CD69 expression in untransfected cells or cells transfected to express SCN4BmCherry alone, for cells cultured with B6 APCs (Supplementary Fig. 4b ). Furthermore, the extent of upregulation of CD69 expression by VGSC + T cells cultured with B6 APCs did not correlate with expression of the channel subunits SCN4B and SCN5A (Supplementary Fig. 4c ). These results pro vided additional support for our conclusion that the CD5 hi LLO56 T cells reacted more strongly to self peptide-MHC than did CD5 lo LLO118 T cells.
Strength of intrinsic T cell response set by thymic selection
Because T cell development is predicated on TCR interactions with self peptide-MHC, we reasoned that analysis of thymic selection would yield insights into the origin of the biology of LLO56 and LLO118 T cells. LLO56 thymi had a much higher frequency and number of CD4 + singlepositive (CD4SP) thymocytes than did LLO118 thymi ( Fig. 4a ) but had fewer total thymocytes (Fig. 4a) . Together with the considerably larger population of TCR hi CD69 + postselection thymocytes ( Supplementary Fig. 5a ), this observation suggested that LLO56 CD4 + CD8 + doublepositive (DP) thymocytes were more efficiently positively selected than were their LLO118 counter parts. Consistent with that, postselection LLO56 thymocytes had higher expression of CD5 and CD69, two markers whose expression was upregulated in response to the strength of the selecting signal (Fig. 4b) . The finding that LLO118 T cells received a weaker signal from self peptide-MHC than did LLO56 T cells suggested that the lower frequency of LLO118 CD4SP thymocytes was not due to negative selection.
To investigate whether positively selecting interactions of the TCR with self peptide-MHC in the thymus determined the intrinsic IL2 responses of LLO56 and LLO118 T cells, we stimulated LLO56 and LLO118 thymocytes with PMA and ionomycin and analyzed their IL2 production at each developmental stage. We detected similarly high frequencies of IL2producing cells among LLO56 and LLO118 CD4 − CD8 − (doublenegative) thymocytes ( Fig. 4c) . Any contribution from natural killer cells, natural killer T cells or γδ T cells to this IL2 response was negligible, given their low frequencies ( Supplementary  Fig. 5b ). LLO56 and LLO118 DP thymocytes were similarly refrac tory to stimulation with PMA and ionomycin ( Fig. 4c) . However, as DP thymocytes transitioned to the CD4SP stage, we observed that a higher frequency of LLO56 CD4SP thymocytes than LLO118 CD4SP thymocytes produced IL2, and LLO56 CD4SP thymocytes had more Erk phosphorylation and basal p21 (partial TCRζ phosphorylation) than did their LLO118 counterparts ( Fig. 4c-e and Supplementary  Fig. 5c ), which reproduced the difference noted in mature LLO56 T cells and LLO118 T cells.
To further assess the proposal that the selecting MHC environment affects the intrinsic IL2 responses of mature CD4 + T cells, we took advantage of the fact that AND T cells are selected strongly in H2 k mice and more weakly in H2 b mice 23 . That allowed us to investigate whether differences in intrinsic functionality were detectable in T cells that expressed the same TCR but that had developed on differ ent MHC backgrounds. Indeed, AND T cells selected on H2 k MHC had much stronger intrinsic IL2 responses than those of cells selected on H2 b MHC (Supplementary Fig. 5d ). Together with the data obtained with LLO56 and LLO118 mice, our results demonstrated that intrinsic T cell responsiveness was set during T cell develop ment in proportion to the strength of the selecting signals from self peptide-MHC.
Finally, we considered that if stronger TCR signaling in LLO56 T cells predisposed them to TCRdriven cell death in vivo, a greater propensity to undergo cell death might be evident in postselection LLO56 T cells, having emerged alongside its greater basal TCR signaling. We tested that idea by stimulating LLO56 and LLO118 thymocytes and peripheral T cells with antiCD3 plus antiCD28 in culture. While preselection LLO118 thymocytes showed greater cell death than did their LLO56 counterparts, that pattern reversed in post selection thymocytes and peripheral T cells (Fig. 4f) . The celldeath responses of pre and postselection LLO56 and LLO118 thymocytes were associated with basal phosphorylation of TCRζ, with a higher average percell abundance of p21 (partially phosphorylated TCRζ) seen when greater cell death was observed (Fig. 4e) . Differences in expression of the IL7 receptor chain IL7Rα and the antiapoptotic molecule Bcl2 could not explain the differences between LLO56 cells and LLO118 cells in their celldeath activity during T cell develop ment (Supplementary Fig. 5e ). While expression of the proapoptotic Bcl2 family member Bim was higher in LLO56 CD4SP thymocytes npg A r t i c l e s than in their LLO118 counterparts, this difference did not persist in peripheral cells (Supplementary Fig. 5e ), which would make it an unlikely contributor to the greater cell death observed in that set ting. Thus, the greater propensity of LLO56 T cells than LLO118 T cells to undergo cell death paralleled the emergence of greater basal TCR signaling in LLO56 T cells. The finding that cells experi encing stronger TCR signals were more susceptible to cell death was in agreement with published work 19 .
Self peptide-MHC maintains intrinsic responses of mature T cells
After leaving the thymus, T cells continue to receive tonic self peptide-MHC signals in the periphery. We next assessed whether deprivation of self peptide-MHC compromised CD4 + T cell responses beyond the most proximal TCR signaling components. For this, we analyzed the IL2 responses of LLO56 and LLO118 T cells to PMA and ionomycin ex vivo 4 d after adoptive transfer of the cells into B6 or MHC class II-deficient recipient mice. Cells transferred into MHC class II-deficient mice had expression of CD3, CD4 or TCRs similar to that of cells transferred into B6 mice, but they did have lower expression of CD5 ( Supplementary Fig. 6a ), as might be expected for a molecule dynamically regulated by TCR-self peptide-MHC signals 24, 25 . After transfer into B6 mice, LLO56 T cells showed stronger IL2 responses to PMA and ionomycin than those of their LLO118 coun terparts (Fig. 5a) , as observed with freshly isolated cells. However, transfer into MHC class II-deficient mice rendered both LLO56 T cells and LLO118 T cells poorly responsive to PMA and ionomy cin (Fig. 5a) . To exclude the possibility that the absence of CD4 + T cells in MHC class II-deficient recipients contributed to the diminished IL2 responses, we analyzed the IL2 responses of LLO56 and LLO118 T cells transferred into two additional sets of recipients: mice deficient in the αchain constant region of the TCR (which have normal MHC class II but lack αβ T cells) and H2Mdeficient mice (which have αβ T cells but whose repertoire of MHC class II-bound self peptides is largely restricted to the invariant chain-derived peptide CLIP). The goal of these additional transfer experiments was to determine whether self peptide-MHC or bystander αβ T cells regulated the intrinsic IL2 responses of LLO56 and LLO118 T cells.
At 4 d after being transferred into recipients deficient in the αchain constant region of the TCR, LLO56 T cells showed greater IL2 production than did their LLO118 counterparts in response to PMA and ionomycin, as observed for freshly isolated cells and cells transferred into B6 mice (Supplementary Fig. 6b ). However, transfer into H2Mdeficient mice rendered both LLO56 T cells and LLO118 T cells poorly responsive to stimulation, as observed after transfer into MHC class II-deficient mice (Supplementary Fig. 6b) . These results indicated that the intrinsic strength of the IL2 responses of LLO56 and LLO118 T cells was actively maintained by TCR-self peptide-MHC interactions.
We next assessed the kinetics of the loss of intrinsic IL2 responses upon withdrawal of self peptide-MHC. We focused on LLO56 T cells for these experiments, as the large dynamic range of IL2 responses of LLO56 T cells deprived of MHC class II and those not deprived of MHC class II was most appropriate for the resolution of changes in IL2 responses over time. We transferred LLO56 T cells into H2Mdeficient mice and then, 1, 2 and 4 d later, purified the cells and activated them with PMA and ionomycin. LLO56 T cells deprived of self peptide-MHC for 1 d showed a sharp decrease in their IL2 response to PMA and ionomycin, with a more subtle decrease thereafter, relative to the response of freshly isolated LLO56 T cells (Supplementary Fig. 6c ). Thus, intrinsic IL2 responses decayed rapidly in the absence of self peptide-MHC ligands.
We next sought to determine whether deprivation of self peptide-MHC ligands affected the activation of Erk. LLO56 T cells transferred into MHC class II-deficient recipients showed less phosphorylation of Erk than did LLO56 T cells transferred into B6 mice (Fig. 5b) . We obtained the same result for LLO118 T cells transferred into MHC class II-deficient and B6 mice, although the lower Erk phosphoryla tion after the loss of MHC class II was more modest for LLO118 T cells than for LLO56 T cells (Fig. 5b) . These experiments provided evidence that the signal from self peptide-MHC affected TCR signal ing as far downstream as Erk.
Finally, we investigated whether deprivation of self peptide-MHC signals affected the responses of LLO56 and LLO118 T cells to L. monocytogenes in vivo. For this, we transferred LLO56 or LLO118 T cells into MHC class II-deficient or B6 mice and thus generated pools of cells that were deprived of MHC class II or not. We then transferred those cells into cohorts of B6 mice that had been infected with L. monocytogenes the previous day. We timed the adoptive trans fers so that T cells were introduced into the infected mice at 1.5 d after infection, at which point the presentation of L. monocytogenes antigens is abundant in the spleen 26 . The intravenously transferred LLO56 or LLO118 T cells would home to the spleen first, promot ing rapid encounter with LLO-IA b complexes. We then assessed the overall population expansion of the transferred cells at day 7 after transfer (Supplementary Fig. 6d ). The goal of this system was to encourage the transferred cells to undergo activation before they had a chance to regain tonic signaling from the self peptide-MHC normally present in B6 mice. LLO56 T cells deprived of MHC class II expanded considerably less than did LLO56 T cells that were not deprived of MHC class II at day 7 after transfer into L. monocytogenes-infected B6 mice (Fig. 5c) . The responses of LLO118 T cells at day 7 after transfer were similarly strong whether the cells were deprived of self peptide-MHC or not (Fig. 5c) . These data demonstrated that deprivation of TCR-self peptide-MHC interactions affected the responses of CD4 + T cells to pathogen in vivo; the common theme in this and our other experiments involving withdrawal of self peptide-MHC was that LLO56 T cells, which receive stronger tonic signaling from self peptide-MHC than did LLO118 T cells, showed greater functional deficits when deprived of such signals.
CD5 feedback inhibition of T cell self-reactivity
It remains unclear whether CD5 itself influences the intrinsic strength of IL2 responses or is merely a marker for TCR-self peptide-MHC avidity. The literature has provided conflicting data about whether CD5 augments or interferes with TCR signaling and in which contexts it does so 16, [27] [28] [29] . To address this issue, we generated LLO56 and LLO118 mice deficient in CD5. CD5deficient LLO56 thymocytes perceived a stronger signal from self peptide-MHC than 
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A r t i c l e s did wildtype LLO56 thymocytes, as judged by their higher CD69 expression at the CD4SP stage (Fig. 6a) . The greater selfreactivity of CD5deficient LLO56 cells might have been offset by compensatory reductions in expression of the TCR and CD3 in postselection cells. Conversely, CD5deficient LLO118 thymocytes did not show higher CD69 expression after selection than did their wildtype LLO118 counterparts, and peripheral CD5deficient LLO118 T cells did not show reduced surface expression of TCR or CD3 (Fig. 6b) .
CD5deficient LLO56 and LLO118 T cells had much higher intrin sic IL2 responses to stimulation with PMA and ionomycin than did their wildtype counterparts (Fig. 6c) , a result associated with moder ate increases in PMAinduced Erk signaling (Fig. 6d) . These findings supported the view that CD5 antagonized self peptide-MHC signals from the TCR, reducing the intrinsic IL2 responsiveness maintained by TCR-self peptide-MHC interactions, which effectively ruled out the possibility that the reduction in CD5 expression seen in the MHC class II-deprivation experiments caused the observed reduction in responses involving IL2 and phosphorylated Erk. The finding that the cells with the strongest IL2 responses had the highest CD5 expres sion suggested that CD5 does not impose a dominant inhibitory tone. Instead, since CD5 expression was set and maintained on the basis of the strength of TCR-self peptide-MHC interactions, CD5 is posi tioned to impose feedback inhibition on TCR signaling to restrain the most strongly selfreactive cells 30 .
DISCUSSION
There has been great interest in understanding the factors that deter mine the fate and function of developing T cells in the thymus. For conventional αβ T cells, invariant natural killer T cells and regulatory T cells [31] [32] [33] , considerable evidence has demonstrated that the interac tion of TCRs with self ligands provides essential instructive signals that drive maturation into these lineages. Indeed, what the TCR 'sees' can guide an uncommitted thymocyte toward one of a variety of cell types with disparate effector functions. This raises the issue of how the recognition of self ligands by TCRs induces distinct developmental signals that lead to such profoundly different fates.
In this study, we demonstrated unanticipated intrinsic differences in the IL2 responses of the pathogenresponsive LLO56 and LLO118 T cells that originated and were actively maintained by the avidity of the TCR for self peptide-MHC. The basis for how the recognition of self peptide-MHC molecules by TCRs gives rise to different intrinsic responsiveness remains elusive. In the absence of known selecting ligands, it is difficult to speculate about whether binding strength or ligand availability affects the selfreactivity of LLO56 and LLO118 TCRs, or whether the TCRs recognize the same or different self ligands. If TCRs bind self peptide-MHC and cognate peptide-MHC with a similar docking orientation, it is plausible that the highly dissimilar CDR3β regions of the LLO56 and LLO118 TCRs could mediate different interactions with self peptides.
Signals derived from the ligation of self peptide-MHC complexes by TCRs have generally been studied through the use of surrogate markers such as CD5 or by the analysis of basal activation of proxi mal TCR signaling pathway components such as TCRζ 17, 20, 21 . The effect of self peptide-MHC on signaling further downstream of the TCR has received less attention, but such an effect might be expected, given the many aforementioned functions of TCR-self peptide-MHC interactions [4] [5] [6] [7] [8] . B cells receiving a stronger signaling from endogenous antigen produce stronger calcium responses upon stimulation, but a similar result has not been observed for T cells, mirroring the results of our own calciumflux experiments 34 . Using PMA to elicit responses far downstream of the TCR, we directly linked the strength of phosphorylated Erk responses with the avidity of the TCR-self peptide-MHC interaction. Thus, the ligation of self peptide-MHC complexes by TCRs affected the signaling of mature T cells to such an extent that even stimulation with PMA was unable to bypass its influence. A mechanistic possibility for this is drawn from the demonstration that strong selecting signals from self peptide-MHC complexes promote the localizion of Erk to the plasma membrane 35 . Applying that concept to our system, stronger signals from self peptide-MHC complexes in peripheral LLO56 T cells could better facilitate the assembly of signaling components at the plasma membrane 21 and thus coordinate and strengthen the activation of Erk.
Our study has provided evidence that deprivation of self peptide-MHC affected a CD4 + T cell response to infection in vivo. However, if propensity to cell death 'tracked with' stronger basal signaling, withdrawal of self peptide-MHC might then be expected to mitigate the amount of cell death seen and lead to improved rather than abrogated in vivo population expansion of LLO56 T cells. The finding that LLO56 T cell populations nevertheless expanded to a lesser extent than LLO118 T cells did suggested that the same cell deathdriven differences in population expansion were manifest in the self peptide-MHC-withdrawal model and in the original adoptive transfer model 18 . It is possible that even if the basal signaling and celldeath activity of LLO56 T cells were to be 'reset' by an initial withdrawal of MHC class II, those signaling and death characteristics could eventually rebound upon reexposure to self peptide-MHC in B6 mice over the duration of the experiment. Finally, a published report has concluded that the selfreactivity of CD4 + T cells correlates with affinity for cognate peptide-MHC and efficacy in responding to pathogen 17 . Our studies of LLO56 and LLO118 T cells, which differ considerably in their selfreactivity yet have identical affinity for LLO-IA b , challenge the generality of correlations between reactivity to self peptide-MHC and reactivity to foreign peptide-MHC. It is plausible that if selection favors TCRs able to recognize general structural features of peptideMHC complexes, the resulting repertoire would show enrichment for TCRs that might bind more strongly to any particular peptideMHC complex. However, the repertoire is nevertheless anticipatory in terms of the wide variety of foreign peptides that might be encountered. There is no direct selective pressure that dictates that the handful of TCRs able to bind a specific set of pathogenderived epitopes must have a particular avidity for self peptide-MHC beyond that necessary to get the cell through selection. Thus, as demonstrated by LLO56 and LLO118 T cells, we would expect that T cells with sufficient affinity for foreign peptide-MHC could be found across the spectrum of CD5 expression.
Several reports have also suggested that greater avidity of the TCR for cognate peptide-MHC or self peptide-MHC is not necessarily a property of effective in vivo responses. After infection with lym phocytic choriomeningitis virus or the induction of experimental autoimmune encephalitis, most CD4 + T cells were shown to have undetectable binding to peptide-IA b tetramers loaded with the epitope of lymphocytic choriomeningitis virus glycoprotein amino acids 61-80 (foreign antigen) or the epitope of myelin oligodendro cyte glycoprotein amino acids 35-55 (self antigen); however, a high frequency of those tetramernegative cells achieved detect able, specific binding when assessed by kinetic measurement of in situ binding 36, 37 . Those lowaffinity glycoproteinspecific T cells were substantial contributors of effector cytokines during primary infection with lymphocytic choriomeningitis virus or experimental autoimmune encephalitis, which challenges the premise that the T cells expressing TCRs with the highest affinity for foreign peptide-MHC or self peptide-MHC dominate immune responses. Two studies have demonstrated that the duration of TCR-cognate peptide-MHC interactions, rather than overall affinity, is the most predictive parameter of the effector differentiation 38 and memory differentiation 39 of CD4 + T cells. Finally, Ly6C − CD4 + T cell popula tions show enrichment for CD5 hi cells that 'preferentially' develop into induced regulatory T cells during immune responses and exhibit poorer in vivo population expansion than that of their Ly6C hi CD5 lo counterparts 40 . Those studies and our results here demonstrate the complexity of which properties of TCR-peptide-MHC interactions generate more effective CD4 + T cells responses, a complexity that is not accounted for by a model that correlates the binding of foreign peptide-MHC and self peptide-MHC by TCRs to the magnitude of the response.
Indeed, the quality of CD4 + T cell responses involves the interplay of many contributing factors. Our work has emphasized the impor tance of TCR-self peptide-MHC interactions in determining the inherent responsiveness to stimulation and basal signaling in T cells, with implications for the performance of CD4 + T cells in vivo. We conclude that thymic 'education' is a critical inflection point about which these intrinsic functional attributes are determined.
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